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Introduction

32
The investigation of semiconducting materials at the nanoscale is of great significance in the continuous 33 development of nanoscale devices such as nanoelectronic devices. Extensive research works have 34
shown that nanomaterials exhibit properties that are greatly superior to in their bulk form.
1 Of this, type 35 III-V semiconducting nanowires (NWs) are an important family of nanomaterials due to their desirable 36 mechanical and electronic properties which can also be controlled and tailored to match targeted 37 applications.
2 Within this, GaAs NWs are of growing interest due to their high mechanical flexibility, 3 38 controllable crystalline structure 4,5 and tuneable band gap, 6,7 endowing them with large potential in 39 applications such as high-efficiency solar cells 8 and plasmonics. 9 To facilitate the successful 40 implementation of NWs in various applications, a comprehensive understanding of their mechanical 41
properties is usually a key prerequisite. As such, for the successful implementation of GaAs NWs, 42 investigation of their mechanical behaviour under various loading conditions becomes a preliminary 43 task. 44
To date, several works have reported the mechanical properties of GaAs NWs. A majority of 45 these studies have focused on uniaxial compression and buckling tests, 3, [10] [11] [12] where GaAs NWs have 46 been shown to withstand ~11% strain. 3 Additionally, a strong size effect is observed in GaAs NWs due 47 to the formation of an amorphous oxide shell, which induces an increase in effective Young's modulus 48 at reduced diameters.
3,10 Such size effects become evident under buckling at diameters below 100 nm. 49
GaAs NWs have also been reported to exhibit reversible plastic deformation governed by dislocation 50 motion 13 and self-healing characteristics.
51
Along with properties of static loading, the dynamic behaviour of NWs is also of significant 52 importance. In this regard, the quality factor (QF) is commonly adopted to measure the damping effect 53 during mechanical resonance. High QF NWs are a critical challenge in the development of high-54 frequency nanomechanical systems such as nanomechanical resonators.
14-18 As such, the investigation 55 of existing and novel NW candidates, as well as the morphological and structural mechanisms which 56 govern QF, is essential to the development of nanomechanical resonator devices. For instance, GaN 57
NWs, another III-V semiconductor, have shown an apparent diameter dependence, with a QF of 500 -58 2800 for diameter between 47 -84 nm 19 and 2700 -60 000 for diameter ranging from 100 to 500 nm.
59
However, no work has been conducted to assess the QF or dynamic behaviour of GaAs NWs, though 60 they are showing broad appealing applications. 61
Of further interest is tailoring the crystalline structure of GaAs NWs, and understanding its 62 effect on mechanical behaviour. GaAs commonly presents in two phases, zinc blende (ZB) or wurtzite 63 (WZ), 20 however only the ZB is found in bulk, while both ZB and WZ structures can be selected for 64 during synthesis. Additionally, through control of the growth rate, GaAs NW can be synthesised with 65 a high density of stacking faults (SF), 21, 22 which can be adopted to tune its mechanical properties.
10,23
66
As an example, Chen et al. 10 found that the presence of SF could increase the effective Young's modulus 67 of WZ GaAs NW by ~13%. However, while the introduction of SFs has been demonstrated to be avaluable route for tailoring of WZ GaAs mechanical properties, the effect of SFs on the mechanical 69 properties of ZB GaAs NWs has not been investigated. 70
Clear gaps are present in the knowledge of GaAs NWs, specifically the dynamic behaviour of 71 GaAs NWs, and the effect of SF on the mechanical behaviour of ZB GaAs NWs. To this end, we utilise 72 an in situ mechanical resonance test to explore the resonance behaviour of ZB GaAs NWs with and 73 without SFs. Through this, we extract the resonant spectrum of individual NWs, allowing for QF 74 characterisation. Additionally, we developed a modified Euler-Bernoulli beam theory (EBT), through 75 which we explored the influence of SFs, end-mass particles, and taper ratio on the resonance behaviour 76 of ZB GaAs NWs. This study establishes a fundamental understanding of the resonance properties of 77
GaAs NWs and the influence of SFs on their mechanical behaviour, which would shed light on their 78 applications in future nanoscale devices. 79 were epitaxially grown on a (111)B GaAs substrate using a two-step growth process. 21 First, a short-87 duration high-temperature nucleation process was conducted, followed by an extended low-temperature 88 growth stage. This two-stage process promotes the successful formation of epitaxial GaAs NWs, while 89 preventing SF formation. To synthesise ZB GaAs NWs with a high density of SF, the second stage 90 growth temperature was raised. In addition to SF formation, this also promotes radial growth, and as 91 such vertically-tapered NWs were formed. The crystalline structure of the specimens were characterised 92 using a JEOL2100 transmission electron microscopy (TEM) operated at 200 kV. 93
Methodology
In situ resonance 94
To investigate the dynamic behaviour of NWs, an in situ resonance technique was developed. Likewise, this asymmetric effect was observed to disappear when the voltage and deflection amplitude 167 was reduced (ESI † V2). This phenomenon can be attributed to non-linearity in the mechanical 168 behaviour at high driving-voltages and deflections resulting in unstable segments of the resonancespectrum.
28-30 Therefore, care should be taken during data acquisition to avoid this hysteresis effect by 170 ensuring low driving voltages and deflections. 171
Quality factor 172
As discussed, a key advantage of the resonance test is that it allows for the direct measurement of QF 173 which is indicative of the internal damping of a material. Depending on the methodology being applied, 174 there are several definitions of QF. In this work, the QF is defined as the natural frequency (ωn) over 175 the half-power bandwidth (Δ 3 ); i.e. = /Δ 3 . Fig 4 compares To appropriately investigate the mechanism of this size dependence, the various contributors 187 to QF were analysed. In general, the overall QF is composed of both intrinsic and extrinsic damping 188 factors, with the main factors being thermo-elastic damping, gas damping, fixture effects, and surface 189 effects, 14 these inversely summate to give the overall QF as 
NW diameter).
15 This criteria is met in this work, and as such thermo-elastic damping can be neglected. 196
Furthermore, as any influence of SFs on QF would manifest through thermos-elastic damping, it can be 197 concluded that SFs have little effect on QF. This work was conducted at pressures below 5 mPa, here 198 gas damping is governed by the molecular regime where the gas damping is a result of momentum 199 transfers from individual collisions of gas molecules with the resonator.
14 At this range, the QF 200 contribution of gas damping is negligible, this is supported by Bartolomé et al. 14 Energy losses as a 201 result of the fixture manifest from elastic waves propagating through the fixture, i.e. the damping effect 202 is dependent on fixture geometry and NW aspect ratio. However, Photiadis and Judge 33 show that for 203 the dimensions in this work, the overall effect of fixture damping is negligible. Thus, as it can be shown 204 that other forms of damping are negligible, it can be concluded that the key contributor to QF for our 205 resonance test is the surface effects. This is in line with other literature which has found that for NW 206 resonators, QF is dominated by surface effects. 16, 34 Further detail and justification of this, including 207 theoretical modelling, is provided in the ESI †. 208
In the case of surface effects, energy is stored in the NW as strain energy and dissipated at the 209 surface, 29 making the QF dependent on the ratio of volume to surface-area ( = / ). 35 For a non-210 tapered NW, with a circular cross-section, the volume to surface-area ratio is /2, where is the mean 211 radius. For a tapered NW, the volume to surface-area ratio is dependent on the taper ratio ( = / ) 212 where and are the radii of the free and fixed ends, respectively. When the NW length is much larger 213 than the mean radius ( ≫ ), the of a tapered NW can be simplified to /2 × (4/3)( 2 + + 214 1)/( 2 + 2 + 1). However, across the taper rations present in this study (t = 0.35 -1.0), changes 215 by less than 8%, meaning NW radius is more significant than taper ratio. Thus, the NW radius is the 216 main variable governing . Through this, our results show that in meeting the challenge of high QF 217 nanoresonators, a focus should be placed on surface effects, as governed by the volume to surface-area 218 ratio. 219
Young's modulus 220
To further explore the mechanical properties of GaAs NWs, we investigated the effect of SFs on 221
Young's modulus. Theoretically, the resonance behaviour of a NW can be described by beam models. 222
Previous studies have shown that EBT provides a good description of resonating NWs. 17, 19 However, 223 standard EBT does not account for the combined effects of an amorphous shell, end-mass particles or 224 tapering, all of which are significant. For this reason, we perform several modifications. First, we 225 consider the case of S-PR NWs, which do not exhibit tapering. For these the core-shell model is adopted 226 to describe the amorphous oxide layer, this applies different Young's moduli to the core and shell of 227 the NW. 24 To account for the Au particle end-mass Dunkurley's method 36 is applied, approximating the 228 Au particle to be a spherical particle with radius equal to the NW free-end radius. Combining these, the 229 first natural frequency (ω1,SP) of a uniform NW can be expressed as:
where SP refers to the modifications for the amorphous surface layer and end-mass particle, is the 231 NW density, is the cross-sectional area, is the length, is the end particle mass and ( ) * is the 232 effective bending rigidity of the NW. 36 The effective bending rigidity is the summation of core and shell 233 rigidities, i.e., ( ) * = + , where and are the Young's modulus and second moment of 234 area of the core and shell respectively. The density of ZB GaAs is 5317 kg/m 3 (PDF 00-014-0450 37 ). 235
Analysis of the S-SF NWs is more complex as currently EBT has not yet been extended to 236 cover the resonance of tapered core-shell beams. Thus, as an approximate solution, we develop a model 237 based upon the analytical solution of a linearly-tapered beam, employing Dunkerley's method to 238 account for the end-mass particle. For such a beam, without an end-mass particle, Conway and Dubil 
where TP refers to the modifications for the tapering and end-mass particle and other variables are as 251 already defined. Hereafter we refer to this modified EBT, incorporating the surface layer and the end- of the NW without tapering is more than two times higher than its counterpart with a taper ratio of 0.4. 261
Critically, this is equivalent to a tapering of 0.5° along the NW length, which signifies the important 262 influence tapering can have on the resonant frequencies of NWs. Moreover, the tapering effect appears 263 more significant for NWs with larger mean radius. In comparison, for all three taper ratios, the end-264 mass particle acts to reduce the resonant frequency, however is less significant than taper ratio. 265
Additionally, the influence of the end-mass particle increases with increasing mean radius, due to the 266 larger particle mass. Young's modulus is observed. As shown by Chen et al., 10 SFs can affect the Young's modulus of NWs. 281
We propose that the variance in effective Young's modulus of S-SF NWs is due to different SF densities 282 in the examined samples. It is further proposed that this variance in effective Young's modulus has 283 masked any clear size-dependent effects which would be expected due to the amorphous shell. 284
Unfortunately, in situ SEM testing does not allow for the quantification of SF density for tested samples, 285 further efforts are expected to address this. 286 GPa respectively) to that of WZ GaAs NWs (145 and 489 GPa respectively 10 ). These results differ by 292 6% and 12%, respectively, confirming that both pristine ZB and WZ GaAs NWs display similar 293
Young's modulus in the stacking direction. This is critical, as it suggests that from a Young's modulus 294 perspective ZB and WZ GaAs NWs are equivalent, and thus to tailor the Young's modulus, a focus 295 should be paid to the effect of defects such as SFs. However, further study is required to elucidate the 296 mechanism by which SFs affect mechanical properties of GaAs as this is presently unclear. 297
Conclusions
298
In summary, we investigate, for the first time, the resonant behaviour of ZB GaAs NWs, with a focus 299 on SF, tapering, and end-mass particles. This study shows that the QF of ZB GaAs NWs is governed 300 by surface effects, increasing linearly with NW radius. As such, efforts to develop high QF 301 nanoresonators should place a focus on damping due to surface effects. In addition, a modified EBT is 302 developed allowing for the mechanical characterisation of tapered NWs with end-masses. Pristine ZB 303
GaAs NWs are shown to have a strong size effect below radii of 100 nm, resulting is stiffening. 304
Additionally, the Young's modulus of the core and amorphous shell were determined. Interestingly, the 305 effective Young's modulus of pristine ZB GaAs NWs is found to be very similar to that of WZ GaAs 306
NWs. Finally, SFs are shown to influence the Young's modulus of ZB GaAs NWs, suggesting they 307 could become a valuable means of Young's modulus tailoring. However, more work is required to 308 elucidate these mechanisms. These results provide exciting avenues for the engineering of GaAs NW 309 mechanical and dynamic properties, which will aid in the implementation of GaAs NWs in 310 nanomechanical devices such as nanomechanical resonators.
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